Objective: The present objective is to evaluate the antidepressant activity of caffeine.
Background
Caffeine (1,3,7-trimethylxanthine) is a psychoactive agent that is used worldwide in different forms. Due to its lipophilicity, caffeine crosses the blood-brain barrier easily exerting its stimulant effect (Ferré 2016) . Caffeine exerts its activity on the central nervous system (CNS) by counteracting most of the inhibitory effects of adenosine on neuroexcitability , arousal (PorkkaHeiskanen 1999) , and spontaneous activity (Kuzmin et al. 2006) . Also, the changes induced by caffeine in CNS functions were mediated by reducing phosphodiesterase activity, blocking GABA-A receptor activity, and increasing intracellular calcium (Garrett and Griffiths 1997) . The stimulatory effect of caffeine has been attributed to its antagonistic effect on the activity of endogenous adenosine inhibiting the release of several CNS neurotransmitter systems including γ-aminobutyric acid (GABA), acetylcholine, glutamate, dopamine, norepinephrine, and serotonin (El Yacoubi et al. 2001; Ferré et al. 1996a; Ferré et al. 1996b; Fisone et al. 2004; Williams 1987) and thus the effect of caffeine on depression has been taken into consideration.
The preclinical and clinical findings indicate that there is a close relationship between the adenosine modulatory system and depressive-like behavior (Blardi et al. 2005) . Under normal physiological conditions, adenosine acts as a neuromodulator in the CNS through activating adenosine receptors A 1 and A 2 A in the brain resulting in inhibition of synaptic activity and neurotransmitter release (Fredholm et al. 2005) . It has been observed that methylxanthines including caffeine could block these adenosine receptors .
Depression is an important public health issue. By 2030, it is expected that depression will be one of the third disorders contributing to the universal disease burden (Mathers and Loncar 2006) . According to the current World Health Organization (WHO) estimation, the number of people suffering from depressive disorders worldwide is 350 million. In addition, WHO predicts that depression will be the second civilization disorder producing incapacity by 2020.
There are controversial data on the relation between the consumption of caffeine and depression. Several epidemiologic studies have found a connection between coffee or caffeine intake and depression, but the results of existing literature have yielded inconsistent results. Some studies discovered an inverse relationship between coffee or caffeine and depression (Guo et al. 2014; Pham et al. 2014) . Recently, Wang et al. (2016) in a meta-analysis of observational studies found that coffee and caffeine intake were significantly linked with reduced risk of depression. Other studies did not find any beneficial effect for coffee and caffeine on depression (Pham et al. 2014; Ruusunen et al. 2010) . On the other hand, the study of Jin et al. (2016) concluded that caffeine intake was positively related to severity of depression and insomnia among Korean adolescents.
According to the monoamine hypothesis of depression, the brain depletion of serotonin, norepinephrine, and/or dopamine could underlie the etiology and pathogenesis of depression (Schechter et al. 2005 ). In addition, several lines of evidence indicate the involvement of oxidative and nitrosative stress in the pathophysiology of depressive disorders (Maes et al. 2011) . Therefore, the current study aims to evaluate the effect of caffeine on the behavioral (open field test) and neurochemical (the levels of serotonin, norepinephrine, dopamine, lipid peroxidation, nitric oxide, and reduced glutathione and the activities of acetylcholinesterase and Na + , K + , ATPase) changes occurring in the hippocampus and cerebral cortex of depressive-like rats induced by reserpine.
Material and methods

Animals
Twenty-four male Wistar rats, weighing between 230 and 250 g, were obtained from the Animal House of the National Research Centre, Egypt. They were housed under temperature-and light-controlled conditions with standard laboratory rodent chow and water provided ad libitum. Animal procedures were approved by the Ethics Committee of the National Research Centre and were performed in compliance with the recommendations of the National Institutes of Health Guide for Care and Use of Laboratory Animals (publication no. 85-23, revised 1985) .
Chemicals
Reserpine (Mallinckrodlt. Inc., Martin Luther King Jr. Blvd, Paris-Kantucky) was dissolved in glacial acetic acid (1 μg/μl) and then completed to 25 ml with distilled water. Caffeine was purchased from Global Chemie (Mombai, India). It was dissolved in 0.9% saline (15 mg/ml). All other reagents were obtained from Sigma Chemical Co. (St. Louis MO, USA).
Experimental design
At the beginning of the experiment, the rats were divided randomly into control rats that received the vehicle till the end of experiment and reserpine-treated rats that were injected intraperitoneally (i.p.) with reserpine (0.2 mg/kg/ day) for 15 days to establish the animal model of depression according to Antkiewicz-Michaluk et al. (2014) . On the 16th day, the reserpine-treated rats were further divided into two groups: rat model of depression that continued receiving an i.p. injection of reserpine (0.1 mg/kg/ day) for further 15 days to keep the state of depression and rat model of depression in which rats were treated daily with an i.p. injection of reserpine (0.1 mg/kg/day) followed by an i.p. injection of caffeine (30 mg/kg) with 1-h interval between the two drugs for 15 days.
Behavioral analysis
The open field test was used at the end of the experiment for the control, depressed rats, and depressed rats treated with caffeine to screen the impairment in motor activity.
The open field test
The open field apparatus was constructed of white plywood and measured 72 × 72 cm with 36 cm walls. One of the walls was clear Plexiglas, so rats could be visible in the apparatus. Blue lines were drawn on the floor with a marker and were visible through the clear Plexiglas floor. The lines divided the floor into 16 18 × 18 cm squares. A central square (18 cm × 18 cm) was drawn in the middle of the open field. Rats were placed individually in the center of the open-field and behavioral parameters were assessed manually for 10 min. Five motor parameters were quantified throughout this test: central square duration (the duration of time the rats spent in the central square), line crossings (the number of times the rats crossed one of the grid lines with all four paws), rearing (the number of times the rats stood on their hind legs in the maze), freezing time (duration in which the rat was completely stationary), and grooming (number of body-cleaning with paws, licking of the body and pubis with the mouth, and face-washing actions). The open field apparatus was cleaned after each session using 70% ethyl alcohol and permitted to dry between tests (Brown et al. 1999) .
Following behavioral testing, the animals were sacrificed by sudden decapitation. The brain of each animal was quickly removed and rapidly transferred to an ice-cold Petri dish. Each brain was divided into two halves; right and left. Each half was dissected to obtain the cortex and hippocampus. The right half of each rat was used to measure the oxidative stress parameters and enzyme activities. The left half was used to measure serotonin, norepinephrine, and dopamine neurotransmitters. Each brain area was weighed and frozen at − 80°C until analyzed.
Neurotransmitter analysis
The right halves of each cortex and hippocampus were homogenized in an ice-cold solution of acidified n-butanol. The homogenates were centrifuged at 2000 rpm for 5 min. The supernatants were used for the estimation of dopamine (DA), norepinephrine (NE), and serotonin (5-hydroxytryptamine; 5-HT) according to the fluorometric method described by Ciarlone (Ciarlone 1978) . The fluorescence was measured using a spectrofluorometer (model Jasco-FP-6500, Japan) with a source of xenon arc lamp 150 W.
Analysis of oxidative stress parameters and enzymes' activities
The left halves of each cortex and hippocampus were homogenized in Tris-HCl buffer (pH 7.4). The homogenate was centrifuged at 5000 rpm and 4°C for 10 min. The supernatant was stored at − 70°C until analysis. This supernatant was used to analyze the following parameters.
Determination of lipid peroxidation
Malondialdehyde (MDA), a measure of membrane lipid peroxidation, was estimated according to the method of Ruiz-Larrea et al. (1994) . MDA was determined by measuring thiobarbituric reactive species (TBARS). One molecule of MDA reacts with two molecules of thiobarbituric acid in acidic medium at temperature of 95°C for 20 min to form thiobarbituric acid reactive substances; the absorbance of the resultant pink product was measured at 532 nm using UV-visible spectrophotometer (model UV-2401 PC, Shimadzu, Japan).
Determination of nitric oxide
Nitric oxide (NO) was determined spectrophotometrically in the brain tissue according to the method described by Moshage et al. (1995) . This method is based on the measurement of endogenous nitrite concentration as an indicator of nitric oxide production. It depends on the addition of Griess reagent which converts nitrite into a deep purple azo compound whose absorbance is read at 540 nm.
Determination of reduced glutathione
Reduced glutathione (GSH) level in the selected brain regions was determined by the method of Moron et al. (1979) . This method is based on the reduction of 5,5′ dithiobis-(2-nitrobenzoic acid) or DTNB "Ellman's reagent" with GSH to produce a yellow compound. The reduced chromogen is directly proportional to GSH concentration and its absorbance is measured at 412 nm. Total GSH content was expressed in mmol/g brain tissue.
Determination of acetylcholinesterase activity
Acetylcholinesterase (AchE) activity was measured according to the modified method of Gorun et al. (1978) . The principle of the method depends on the hydrolysis of acetylthiocholine iodide by acetylcholinesterase to produce thiocholine. Thiocholine is allowed to react with the -SH reagent 5,5′-dithiobis-(2-nitrobenzoic acid) (DTNB), which is reduced to thionitrobenzoic acid, a yellow colored anion whose absorption is read spectrophotometrically at 412 nm. The results were expressed as μmol SH/min/g brain tissue.
Determination of Na + , K + , ATPase activity Na + , K + , ATPase activity was measured spectrophotometrically according to Tsakiris et al. (2000) . Na + , K + , ATPase activity was calculated as the difference between total ATPase activity (Na + , K + , ATPase, and Mg-ATPase activity) and Mg-ATPase activity.
Statistical analysis
The data were expressed as means ± S.E.M. Statistical significance between the groups under investigation was tested by one-way analysis of variance (ANOVA) using Statistical Package for Social Sciences (SPSS) program followed by Duncan as post-hoc test to compare the significance between groups. The difference was considered significant at p value < 0.05.
Results
Neurochemical results
In the cortex of rat model of depression, a significant decrease in the levels of serotonin (− 55.3%) and norepinephrine (− 14.6%) was recorded in comparison to control values. In the hippocampus, there was a significant decrease in serotonin, norepinephrine, and dopamine recording − 48.2%, − 45.9%, and − 35.5%, in comparison to control animals. When the depressive-like rats were treated daily with caffeine, it failed to restore the level of cortical serotonin but elevated the reduced level of norepinephrine to control-like value. In the hippocampus, caffeine improved the levels of serotonin, norepinephrine, and dopamine to nonsignificant changes as compared to control value (Table 1) .
The present findings showed that cortical and hippocampal AchE activity increased significantly in rat model of depression recording 114.1% and 83.3% above the control values, respectively. Similarly, cortical and hippocampal Na + , K + , ATPase activity increased significantly (37.6% and 30.02%, respectively) in reserpine-treated rats. Although caffeine reduced the cortical and hippocampal AchE activity to 66.2% and 51.9%, respectively, its value still showed a significant increase above than the control value. However, caffeine treatment normalized cortical and hippocampal Na + , K + , ATPase activities (Table 2 ).
In the depressive-like rat model induced by reserpine, the lipid peroxidation level increased significantly in the cortex (41.9%) and hippocampus (78.3%) as compared to control values. This increase returned to control-like values after daily caffeine treatment. However, caffeine treatment failed to prevent the significant increase in cortical and hippocampal nitric oxide levels induced by reserpine. The significant decrease in GSH level that was observed in the hippocampus of rat model of depression returned to a control-like value after caffeine treatment. In the cortex, GSH level increased significantly after caffeine treatment (Table 3) .
Behavioral results
As demonstrated in (Fig. 1) , the animals representing the depression model exhibited a significant reduction in the crossed lines, rearings, and grooming. In addition, significant increases in the time spent in the central square and freezing time were recorded in the animal model of depression when compared to control rats. Unfortunately, caffeine failed to induce any improvement in the open field parameters except for the grooming behavior that was reversed to a significant increase.
Discussion
In the current study, the reserpine-induced depressivelike rat model was used to evaluate whether caffeine could treat depression or exaggerate it.
The present data revealed that the daily reserpine treatment for 30 days induced a significant decrease in cortical and hippocampal serotonin, norepinephrine and dopamine levels. In addition, a decrease in motor activity was observed. This was evident from the data of the open field test that exhibited significant decreases in the number of line crossings, rearings, and groomings and significant increases in the time spent in the central square and freezing time.
Immobility is an indicator of hopeless feelings and despair (Holmes 2003) . Depression and immobility are proposed to be correlated with each other and it has already been shown that antidepressant drugs reduce immobility (Gersner et al. 2009 ). Several studies suggested that the depletion of cerebral monoamines represents the main cause for the pathogenesis of depression (Dale et al. 2015) . Supporting this suggestion, the action of current antidepressants depends mainly on elevating levels of monoamines specially serotonin by selective serotonin reuptake inhibitors (Jakobsen et al. 2017) or monoamine oxidase inhibitors (Youdim et al. 2006) . Therefore, the significant decrease in monoamines associated with the decrease in motor activity induced by reserpine indicates the development of rat model of depression. This model was used successfully by many studies to investigate the antidepressant effect of many agents (Antkiewicz-Michaluk et al. 2014) . Reserpine could deplete monoamines by inhibiting the activity of vesicular monoamine transporter-2 (VMAT-2) (Erickson et al. 1992 ). This effect prevents the reuptake of monoamines into the synaptic vesicles exposing them to oxidative catabolism by the cytosolic enzyme monoamine oxidase (Antkiewicz-Michaluk et al. 2014) . This mechanism could explain the decreased monoamine levels reported in the present study.
As a consequence to the oxidative catabolism of cytosolic dopamine, norepinephrine, and serotonin by monoamine oxidase, the cellular oxidant, hydrogen peroxide is produced (Youdim et al. 2006 ). In addition, monoamines, especially dopamine and norepinephrine, can undergo spontaneous cytoplasmic oxidation leading to the destruction of cellular structures (Wasik et al. 2009 ). These reactions produce several potentially neurotoxic byproducts, such as hydrogen peroxide (Barros-Miñones et al. 2015) . Hydrogen peroxide can result in the generation of reactive oxygen species and induce neuronal apoptosis due to mitochondrial damage (Bortolato et al. 2008 ). The present findings revealed a state of oxidative stress after reserpine treatment in both the cortex and hippocampus. This was evident from the significantly increased lipid peroxidation (MDA) and nitric oxide (NO) levels together with the significantly decreased reduced glutathione (GSH). Under such conditions of inhibition of VMAT-2 induced by reserpine and the effect of monamine oxidase, the oxidative catabolism may explain the present oxidative stress observed in the cortex and hippocampus of reserpine-induced rat model of depression. Moreover, the observed increased MDA levels may arise from the attack of the neuronal membrane phospholipids by free radicals produced from monoamine catabolism. Malondialdehyde is produced from decomposition of products of lipid peroxidation (Gaweł et al. 2004 ). In addition, the cortical and hippocampal increase in NO may be mediated by the increased inducible nitric oxide synthase (iNOS) and neuronal NOS expression that have been reported in depressed rats and rats subjected to immobilization stress (Gałecki et al. 2012; Maes et al. 2011) .
Our results are in agreement with several studies which showed that oxidative stress is a contributing factor in the pathogenesis of psychiatric illness including depression to the extent that antioxidants have been suggested as neuroprotectors against depression (Behr and Moreira 2012) . Moreover, oxidative stress may represent the mechanism underlying the neurodegeneration observed in depression and may explain the reduced volume of hippocampus (Arnone et al., 2012) . Charles et al. (1994) found an increase in choline, the rate-limiting precursor in the synthesis of acetylcholine in the brains of depressed patients compared to normal controls. Higley and Picciotto (2014) reported that the enhancement of ACh signaling can induce depressive symptoms in humans and animal models. Using human imaging, Saricicek et al. (2012) suggested that the levels of ACh are increased in patients with active depression, as assessed by the occupation of nicotinic receptors all over the brain, and remain elevated in patients with a history of depression. This may support the hypothesis relating adrenergic-cholinergic balance with depression and mania (Janowsky et al. 1972 ). This hypothesis suggests that elevated cholinergic tone and reduced noradrenergic tone may cause depressive symptoms and has been supported by several lines of evidence from rodent and human studies (Mineur et al. 2013) . Several selective monoamine reuptake inhibitors have been characterized as nicotinic ACh receptor antagonists (Fryer and Lukas 1999; Hennings et al. 1999) . AchE is the enzyme responsible for catabolism of ACh to terminate its action. Therefore, the increased AchE activity observed in the present study may be attributed to the increased ACh, AchE substrate. Also, this increase in AchE may represent a compensatory mechanism to attenuate the increase in cholinergic activity that has been reported in depression.
The increase of neuronal excitability in the CNS can consume much of the energy of the cells. It has been estimated that more than one half of the total ATP produced in the brain at rest is used up by Na+, K+, ATPase to maintain the proper ionic gradients across the cell membrane (Erecińska and Silver 1989) . Na + , K + , ATPase activity acts to restore the membrane action potential by the efflux of Na ions and influx of K ions (Albers and Siegel 2012) . Therefore, decreased Na + , K + , ATPase activity has been reported with increased excitability (Souza et al. 2013 ). This is due to its exhaustion in restoring ionic gradients across the cell membrane. Thus, under the present conditions of depression and reduced neuronal excitability, the increase in the activity of Na The present findings indicate that the decrease in cortical serotonin level induced in rat model of depression continued after caffeine treatment. However, caffeine restored cortical norepinephrine and dopamine to control-like values. In the hippocampus, caffeine treatment resulted in nonsignificant increases in serotonin, norepinephrine, and dopamine levels. It is clear that caffeine has a partial antidepressant effect.
It has been reported that caffeine has a stimulatory effect on tyrosine hydroxylase, the rate-limiting enzyme in catecholamine synthesis (Hsu et al. 2010 ) and an inhibitory effect on monoamine oxidase enzyme, the monoamines catabolizing enzyme (Akomolafe et al. 2017) . These effects of caffeine could explain the recovery in cortical and hippocampal norepinephrine and dopamine. Moreover, the inhibitory effect of caffeine on monamine oxidase activity may underlie the amelioration in hippocampal serotonin level. The present data is supported by the study of Fredholm (1995) who found that caffeine can elevate the reduced levels of monoamine neurotransmitters recorded in depressive disorders, an effect mediated by antagonizing A 1 adenosine receptor. In addition, one of the important steps toward the treatment of depression is the stimulatory effect of caffeine on the release of serotonin in the limbic brain regions and dopamine in the prefrontal cerebral cortex. This effect of caffeine resembles the action of antidepressants (Acquas et al. 2002; Fredholm 1995) . Accordingly, the present increase in dopamine especially in the hippocampus may have a role in improving mood and the state of the depressive-like model. Dopamine is the neurotransmitter involved in regulation of mood and sense of well-being. In addition, the stimulatory effect of caffeine on the release of neurotransmitters including dopamine, norepinephrine, and serotonin may have a role in increasing the monoaminergic activity which is reduced in depression.
Although caffeine treatment failed to ameliorate the increased AchE activity induced in rat model of depression, there is a partial improvement in AchE activity from 114.1% and 83.3% to 66.2% and 51.9% in the cortex and hippocampus, respectively. Akomolafe et al. (2017) recorded an inhibitory effect of caffeine on AchE. This may be an indicator of the inability of caffeine to restore the cholinergic activity to its normal value.
The antioxidant activity of caffeine has been demonstrated (Aoyama et al. 2011 ). This effect has been attributed to its action as a ROS scavenger especially for the hydroxyl radicals (OH − ) (Devasagayam et al. 1996; Shi et al. 1991) . Additionally, caffeine has been shown to prevent Fenton's reaction-induced oxidation of GSH (Shi et al. 1991) , a major nonenzymatic antioxidant reserve in many tissues, including the CNS. Thus, the antioxidant effect of caffeine obtained in the present study may be attributed to its inhibitory effect on monoamine oxidase which in turn may prevent the oxidative catabolism and formation of free radicals. The present ameliorating effect of caffeine on GSH may be mediated by the increase in GSH synthesis (Aoyama et al. 2011) .
Several studies showed that caffeine significantly increased NO levels (Alasehirli et al. 2005; Hashiguchi et al. 2001 ). This effect could be attributed to the activation of endothelial NOS leading to the increase in NO (Cappelletti et al. 2015) . Therefore, the present elevation in the levels of cortical and hippocampal NO could be due to the activation of NOS. The increased cerebral NO level may induce vasodilating effect (Toda et al. 2009 ) and consequently increased cerebral blood flow. This effect may have a role in the beneficial effect exerted by caffeine on cognitive functions (Cunha and Agostinho 2010) .
The present amelioration in Na + , K + , ATPase activity induced by caffeine may represent a step toward the improvement in the depression model. The recovery in Na + , K + , ATPase activity is an indicator of returning the normal polarity of the cell membrane.
The behavioral data showed that caffeine maintained the changes in open field test parameters induced by reserpine (a significant decrease in number of crossed lines, rearings, and groomings and a significant increase in the time spent in central square and freezing time).
It has been reported by several studies that caffeine has motor-stimulating effect (Nehlig et al. 1992) . However, caffeine in the present study failed to induce any improvement in the deficits of motor activity induced by reserpine. This could be attributed to the tolerance of motor stimulation that has been observed with the chronic treatment of caffeine (Holtzman and Finn 1988; Karcz-Kubicha et al. 2003; Svenningsson et al. 1999) . Caffeine induced a dose-dependent anxiogenic effect in rats as evident from the reduced rears and ambulation, and the increased immobility and defecation in the open-field test, and the increased number of entries and stay duration in the closed arms of the elevated plus-maze (Bhattacharya et al. 1997) . Therefore, the inability of caffeine to restore the decrease in motor activity induced by reserpine, in the present study, may be attributed to the development of tolerance to the reported motor stimulant effect of caffeine on the one hand and the anxiogenic effect arising from the blocking of adenosine receptors (A 1 and A 2 ) on the other hand.
The present findings indicate that caffeine improved monoamine levels, and Na + , K + , ATPase activity and prevented the increased lipid peroxidation and decreased GSH in the cortex and hippocampus. In addition, the increased level of NO in the two brain regions could have a vasodilating effect. However, caffeine failed to restore the activity of AchE in the cortex and hippocampus and cortical serotonin level and the reduced motor activity.
Conclusion
The present data showed that the daily caffeine treatment for 15 days induced a partial antidepressant effect. This effect was mediated by the increased level of cortical and hippocampal serotonin, norepinephrine, and dopamine. In addition, the antioxidant and vasodilating effect exerted by caffeine may also have a role in its antidepressant-like activity.
